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Left main, left main equivalent, and three-vessel coronary
artery disease (CAD) comprise an often-overlapping spec-
trum of advanced disease states. For clarity, these various
anatomic subsets are defined as follows:

• A significant left main coronary stenosis is defined as an
angiographically estimated stenosis >50% or a fractional
flow reserve <0.80 in the left main coronary artery
ostium, mid-shaft, or distal bifurcation.1,2 The majority
(80%) of these critical stenoses are located in the distal
bifurcation.1–4 A critical left main stem stenosis is found
in �4% of all patients undergoing coronary angiography.4

• Left main equivalent CAD is defined as combined stenoses
of�70% reduction in the luminal diameter of the proximal
left anterior descending (LAD) coronary artery before the
first septal perforator and the proximal circumflex coro-
nary artery before the first obtuse marginal branch.5

• Three-vessel disease is defined by index vessels; the LAD,
the circumflex and the right coronary arteries (or distal
circumflex in left dominance). A 70% reduction in luminal
diameter is required in the proximal or middle segment of
all three arteries to qualify as three-vessel disease. The
middle segments include major branches arising from
middle segments of an index vessel, such as a diagonal, an
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Abstract Patientswith leftmain, leftmain equivalent, and three-vessel coronary arterydisease (CAD)
represent an overlapping spectrum of patients with advanced CAD that is associated with
an adverse prognosis. Guideline-directed medical therapy is a necessary but often
insufficient treatment option, as such patients frequently need mechanical revasculariza-
tion by either coronary artery bypass graft (CABG) surgery or percutaneous coronary
intervention (PCI). In patients with advanced CAD presenting with acute myocardial
infarction, PCI, of course, is the preferred treatment option. For stable patients with
advanced CAD, CABG surgery remains the standard of care. However, observations from
theSYNergybetweenPercutaneousCoronary InterventionwithTAXusandCardiac Surgery
(SYNTAX) trial suggest that PCI may be a useful alternative in patients with three-vessel
disease with a low SYNTAX score as well as in patients with left main disease and a low or
intermediate SYNTAX score. In the subset of patients with diabetes mellitus, the Future
Revascularization Evaluation in Patients with Diabetes Mellitus: Optimal Management of
Multivessel Disease trial unequivocally demonstrated the superiority of CABG surgery in
improving outcomes. The findings of the recently published Everolimus-Eluting Stent
System versus Coronary Artery Bypass Surgery for Effectiveness of Left Main Revasculariza-
tion and Nordic–Baltic–British Left Main Revascularization study trials point to a favorable
role for PCI in certain low-to-moderate risk patients with left main stem disease.

published online
February 12, 2021

© 2021. International College of
Angiology. All rights reserved.
Thieme Medical Publishers, Inc.,
333 Seventh Avenue, 18th Floor,
New York, NY 10001, USA

DOI https://doi.org/
10.1055/s-0041-1723977.
ISSN 1061-1711.

Review Article76

T
hi

s 
do

cu
m

en
t w

as
 d

ow
nl

oa
de

d 
fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 U
na

ut
ho

riz
ed

 d
is

tr
ib

ut
io

n 
is

 s
tr

ic
tly

 p
ro

hi
bi

te
d.

Published online: 2021-02-12

https://orcid.org/0000-0001-5239-3692
mailto:jglazier@dmc.org
https://doi.org/10.1055/s-0041-1723977
https://doi.org/10.1055/s-0041-1723977


obtuse marginal, or a posterior descending artery (or
distal segment in the special case of the LAD).6

Of note, among patients with significant left main stem
disease, 38%have concomitant three-vessel disease.3,4Accord-
ingly, left main, left main equivalent, and three-vessel disease
represent an overlapping spectrum of severe CAD.

Medical Management of Severe Coronary
Artery Disease: A Necessity Not an Option

Severe CAD is associated with an adverse prognosis and, in
many cases, mechanical revascularization by either coronary
artery bypass graft (CABG) surgery or percutaneous coronary
intervention (PCI) needs to be considered to relieve symptoms
and improve prognosis. However, it is equally important to be
aware of the considerable salutary effect of medical therapy in
the treatmentofpatientswith leftmainandmultivesselCAD.7,8

In such patients, the use of guideline-directed secondary
prevention and lifestyle interventions should be implemented,
irrespective of whether or not they eventually undergo revas-
cularization.9 Intensive statin therapy reduces cardiovascular
events and atherosclerotic disease progression comparedwith
standard therapy and therefore should be considered the
standard of care in patients with severe CAD.10 In addition to
reduction of low-density lipoprotein cholesterol, intensive
statin therapy reduces inflammationwhichmay, in turn, result
in further long-term risk reduction.10Other disease-modifying
pharmacological interventions which reduce adverse
cardiovascular events, such as inhibitors of the renin–angio-
tensin–aldosterone system, should be routinely used in these
patients.11 More effective antiplatelet agents such as P2Y12
inhibitors have been shown to further reduce the risk of major
adverse cardiac and cerebral events in patients with advanced
CAD.12

Coronary Artery Bypass Graft Surgery:
An Historical Perspective

CABG surgery was introduced by René Favalaro, while work-
ing at the Cleveland Clinic, in 1968.13 The ability of CABG
surgery to improve survival in left main disease was soon
recognized aswas its ability to relieve anginal symptoms and
improve quality of life in patients with advanced CAD.14

Indeed, by 1981, CABG surgery had become the most
commonly performed major operation in the United States
(160,000 per year).14 In 1994, Yusuf et al reported their
analysis of seven randomized trials that compared a strategy
of initial CABG surgery with one of initial medical therapy to
assess the effects of mortality in patients with CAD.15 This
analysis studied 1,324 patients assigned to CABG surgery and
1,325 to medical management between 1972 and 1984. The
study findings confirmed the significantly reducedmortality
in left main stem disease conferred by CABG surgery.
In addition, it was noted that this surgery also reduced
mortality in patients with three-vessel CAD.15 In 1995,
Caracciolo et al reported on the long-term outcome of 912
patients with left main equivalent disease in the Coronary

Artery Surgery Study Registry.5 Median survival in the
surgical group was 13.1 years compared with only 6.2 years
in the medical group (p<0.0001). Further improvements in
the technique of CABG (such as use of arterial grafts,16

smaller incisions, off-pump CABG) as well as enhanced
myocardial preservation and improved postoperative care
led to even more successful outcomes.17

Indeed, more than 50 years after its introduction, CABG
remains the standard of care for symptomatic patients with
advanced CAD.18

Coronary Angioplasty: The Alternative
Mechanical Revascularization Technique

On September 16, 1977, Andreas Grüntzig, working at the
University Hospital, Zurich, performed the first coronary
balloon angioplasty (percutaneous transluminal coronary
angioplasty [PTCA]) procedure in man.19 This procedure
was initially performed predominantly in patients with
single-vessel CAD. Later, the procedure was extended to
patients with more advanced CAD. PTCA of critical left
main stenosis was singularly unsuccessful, with a reported
9.1% proceduralmortality and a 36% 3-year survival rate.20 In
contrast, the outcome of patients with multivessel disease
undergoing PTCA compared quite favorably with the
outcome of patients undergoing CABG surgery. In the Bypass
Angioplasty Revascularization Investigation trial, 1,829
patientswithmultivessel coronary diseasewere randomized
to treatment with PTCA (915 patients) or CABG (914
patients).21 Three-vessel disease was present in 41% of
patients in both groups and 70% of patients randomized to
PTCA underwent multivessel intervention. While there was
no difference in the primary outcome of death or myocardial
infarction at 5 years, the need for repeat revascularization
was higher in the PTCA group. An important observation
made in this study was the significant survival advantage for
diabetic patients undergoing CABG who received a left
internal thoracic artery graft.

Coronary Stents: Improving Angioplasty
Technology

Implantation of a coronary stent was first performed by
Jacques Puel on March 28, 1986, in Toulouse, France.22 This
technology, championed by Ulrich Sigwart in Switzerland,
gradually became a major competitor to CABG surgery for
advanced CAD. In particular, the ability of stents to reduce
restenosis rates and to treat balloon-induced coronary
dissections considerably improved patient outcomes. As
with PTCA, results with early stents (now called “bare metal
stents”) were less favorable for left main stem stenosis than
for multivessel disease. Treatment of the former with stents
was characterized by high restenosis and repeat revasculari-
zation rates, particularly with bifurcation stenoses. Of great
concern, restenosis of stents in the left main sometimes
presented as sudden cardiac death.23 Several large-scale
trials have compared bare metal stenting with CABG surgery
in patients with multivessel disease. The 5-year death and
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myocardial infarction rates were similar in both groups but
need for revascularization was considerably greater in the
stent group.24–26

Of course, in the treatment of acutemyocardial infarction,
PCI (initially with PTCA and later with stents) has long been
proven to be the safest mode of revascularization.18

Drug-Eluting Stents: A Revolutionary
Treatment

Drug-eluting stents (DESs)were introduced in 2002 and their
use was found to result in dramatic reduction in rates of
repeat revascularization.27 Quickly realizing that DES might
well prove a true game-changer in the treatment of patients
with advanced coronary disease, Serruys et al undertook a
large randomized trial comparing the relative efficacy of DES
and CABG in such patients.2 This trial, the SYNergy between
Percutaneous Coronary Interventionwith TAXus and Cardiac
Surgery (SYNTAX) trial, has had amajor influence on current
day practice of PCI.

The SYNTAX Trial: Unique Features

The SYNTAX trial is the most important trial comparing
CABG and PCI ever undertaken. In this study, 1,800 patients
with three-vessel or left main CAD were randomly assigned
(in a 1:1 ratio) to undergo CABG or PCI. Before detailing the
results of this trial, several unique features of SYNTAX should
be noted.

During the design of the study, a detailed anatomical
description of the coronary arteries—known as the SYNTAX
score—was developed. This scoring system takes into account
for each lesion (up to a total of 12 lesions) features such as
location, length, tortuosity, calcification, andpercentdiameter
stenosis. Weighting is also given for such characteristics as
bifurcation lesions and total occlusion.28 An online algorithm
automatically summates each of these features to calculate the
SYNTAX score.29 SYNTAX scores fall into tertiles (of progres-
sive anatomical complexity), described by Serruys et al, as low
(�22), intermediate (22–32), and high (�33).30

Numerous validation studies have confirmed the clinical
validity of the SYNTAX score to identify high-risk subjects
and aid decision-making between CABG and PCI in a broad
range of patient types.31 Indeed, the SYNTAX score has now
entered everyday parlance in the interventional cardiology
community. Moreover, the U.S. Food and Drug Association
has mandated the SYNTAX score as entry criteria in ongoing
contemporary coronary stent trials such as the Everolimus-
Eluting Stent System versus Coronary Artery Bypass Surgery
for Effectiveness of Left Main Revascularization (EXCEL)
trial.31 In addition, this scoring system has been adopted
into both European and U.S. guidelines on revascularization
for CAD.32,33

Another feature of this trial was the requirement that, for
every patient being considered for randomization, there had
to be agreement between a local cardiologist and cardiac
surgeon at each site as to the appropriateness for randomi-
zation. This so-called Heart Team approach has now become

a class I indication in the treatment of patientswith advanced
CAD, according to both European and U.S. guidelines.32,33

Calculation of the SYNTAX score for each individual patient is
an integral part of the Heart Team approach. This calculation
forces the interventional cardiologist and cardiac surgeon to
systematically analyze the coronary angiogram and to
specify the number of coronary artery lesions that require
treatment and assess their angiographic location and ana-
tomical complexity.31

A third unique feature of the SYNTAX trial was its “all-
comers” design. Prior to SYNTAX, studies comparing PCI and
CABG in multivessel CAD had profound selection bias in the
enrollment of patients prior to randomization. Specifically,
only 2 to 12% of screened patients were randomized in these
trials. Accordingly, extrapolationof the results of these trials to
routine clinical practice was problematic. In contrast, in the
SYNTAX trial, there was consecutive enrollment of all eligible
patients with three-vessel or left main CAD.31

The SYNTAX Trial: Methods and Design

The trial set out to determine if PCI was noninferior to CABG
in left main and three-vessel CAD. The primary clinical end
point was a composite of major adverse cardiac and cerebro-
vascular events (MACCEs) (i.e., death from any cause, stroke,
myocardial infarction, or repeat revascularization) through-
out the 12-month period after randomization.

A total of 4,337 patients were assessed for eligibility. Of
these, 1,800 were randomized to treatment by either CABG
(n¼897) or PCI (n¼903) using the Taxus Express paclitaxel-
eluting stent (Boston Scientific). A further 1,275 patients
were deemed ineligible for randomization because their CAD
was either thought to be too complex for PCI (1,077 who
underwent CABG) or too high risk for CABG (198 who
underwent PCI). These patients were followed up in a nested
CABG and nested PCI registry.

The SYNTAX Trial: Results

The rates ofMACCE at 12monthswere significantly higher in
the PCI group (17.8 vs. 12.4% for CABG; p¼0.002). As a result,
the criterion for noninferiority was not met and the authors
concluded that CABG remained the standard of care for
patients with three-vessel and left main CAD.2

At 5-year follow-up, MACCE rated were again significantly
lower in the CABG group (26.9 vs. 37.3% in the PCI group;
p<0.001).34 The statistical design of the SYNTAX study was
such thatbecausenoninferiorityofPCI at1yearwasnot proven,
any comparison between subgroups or between individual
MACCE components could only be regarded as observational
and hypothesis generating. Accepting these limitations, it was
observed at 5-year follow-up that the relative efficacy of CABG
and PCI depended on the complexity of CAD, as calculated by
the SYNTAX score. For patients with the highest complexity
CAD (SYNTAX score >33), mortality was greater for PCI than
with CABG,whether left main stemor three-vessel disease. For
patientswith three-vessel disease and lowSYNTAXscore (<23)
or patients with left main stem disease and low and
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intermediate SYNTAX scores, 5-year outcome did not differ
between CABG and PCI. Based on their observations at 5 years,
the SYNTAX investigators suggested that approximately two-
thirds of all patients with complex coronary disease are best
treated with CABG. For the remaining patients, PCI is an
excellent alternative to surgery.

Recently, 10-year follow-up data from the SYNTAX trial
have been published.35 CABG provided a significant survival
benefit in patients with three-vessel disease but not in
patients with left main CAD.

Lessons Learned since SYNTAX: FREEDOM,
EXCEL, and NOBLE

For some, the findings of the SYNTAX trials at 5-year follow-
up brought to an end the debate regarding the relative roles
of CABG and PCI in the treatment of advanced CAD.36 Indeed,
these findings have had a profound influence on the way
cardiologists and cardiac surgeons currently treat patients
with advanced CAD. However, SYNTAX was not sufficiently
powered to make definitive statements regarding patient
subgroups. Two such subgroups, patients with diabetes
mellitus and patients with left main coronary disease, have
been the subject of more recent trials. These trials were
sufficiently powered to allow definitive conclusions regard-
ing optimal treatment of CAD in these subgroups. These key
trials have confirmed and extended the observationsmade in
SYNTAX. In particular, the Future Revascularization Evalua-
tion in Patients with Diabetes Mellitus: Optimal Manage-
ment of Multivessel disease (FREEDOM) trial demonstrated
that CABG should be the preferredmode of revascularization
in patients with advanced CAD and diabetes mellitus.37 The
intermediate term results of two studies comparing CABG
with PCI (using newer generation DES) have been published
within the last year. These trials, the Nordic–Baltic–British
Left Main Revascularization study (NOBLE)1 and the EXCEL
trials,3 have provided considerable new data regarding
treatment of the specific subgroup of patients with left
main coronary disease.

Revascularization Strategies in Patients with
Diabetes Mellitus and Multivessel Disease

CAD in patients with diabetes, when compared with nondia-
betic patients, tends to bemore diffuse and complex.38Approx-
imately 25% of patients with advanced CAD undergoing
mechanical revascularization have diabetes mellitus.2 In the
FREEDOM trial, 1,900 patients with diabetes and multivessel
disease (three-vessel disease in 81%)were randomized to CABG
or to PCI using first-generation DES.37 Patients in the CABG
group had significantly lower rates of the composite end point
of all-cause death, cerebrovascular accident, or myocardial
infarction (18.7 vs. 26.6% in the PCI group; p<0.01).37 Esper
et al retrospectively analyzed the coronary angiograms of the
patients in the FREEDOM trial.38 The SYNTAX score for each
patient was calculated. Therewas a higher incidence ofMACCE
in PCI patientswith low, intermediate, and high SYNTAX scores
comparedwiththosewhounderwentCABG.39Basedoncurrent

data, the recent 2018European Societyof Cardiology/European
Association for Cardiothoracic guidelines on myocardial revas-
cularization recommend CABG for people with diabetes and
multivessel disease irrespective of the SYNTAX score.40

DES versus CABG in the Treatment of Left
Main Coronary Artery Disease

In theEXCEL trial, 1,905patientswith leftmain CADof low-to-
intermediate complexity (mean SYNTAX score¼26.5�9.3)
were randomly assigned to PCI or CABG.3 PCI was performed
with an everolimus-eluting stent (Xience; Abbott Vascular,
Minneapolis, MN). The primary end point was a composite of
MACCE—death, stroke, or myocardial infarction. At 5 years, a
primary outcome event had occurred in more patients in the
PCI group (22.0%) than in patients in the CABG group (19.2%).
However, this difference was not statistically significant, and
PCI was judged as noninferior to CABG.

A somewhat different conclusionwas drawn by the NOBLE
trial investigators. TheNOBLE trialwas a prospective, random-
ized, noninferiority trial with enrollment at 36 hospitals in
Denmark, Estonia, Finland, Germany, Latvia, Lithuania,
Norway, Sweden, and the United Kingdom. Patients were
randomly assigned (1:1) to receive PCI (predominantly with
the biolimus-eluting stent) or CABG. The primary end point
was a composite of MACCE—death, stroke, nonprocedural
myocardial infarction, or repeat revascularization. At 5-year
follow-up, MACCE rates were significantly greater for PCI
(28.9%) than for CABG (19.1%, p¼0.0066). The investigators
concluded that in revascularization of left main CAD, PCI was
associated with inferior clinical outcome at 5 years compared
withCABG.Mortalitywassimilarafter thetwoprocedures, but
patients treated with PCI had higher rates of nonprocedural
myocardial infarction or need for revascularization. In NOBLE,
the superiority of CABG was maintained regardless of the
severity of CAD, as assessed by the SYNTAX score. Stroke rates
in the CABG group were higher early on but, intriguingly, at
5-year follow-up, stroke rates were higher in the PCI group.

Some of the discrepancies may be ascribed to several
important differences between the two trials. First, repeat
revascularization was not included in the primary end point
in EXCEL. If this particular MACCE had been included, the
results of EXCEL would have come closer to the results in
NOBLE.41 Second, EXCEL included periproceduralmyocardial
infarction in their definition of myocardial infarction,
whereas NOBLE did not. It has been argued that the EXCEL
investigators used a new untested definition of periproce-
dural myocardial infarction that clearly penalized surgery
and that was the key driver of the composite outcome that
claim no difference in the two treatment strategies.42 Third,
patients with high SYNTAX score were excluded from EXCEL
but not from NOBLE.

Accordingly, while in general CABG remains the standard
of care in the treatment of left main disease, PCI may be a
reasonable alternative in selected patients, such as those
with less complex anatomy (SYNTAX score <22) or with
ostial or shaft lesions in the absence of multivessel disease43

(►Fig. 1).
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Selection of Mode of Mechanical
Revascularization: Beyond the SYNTAX
Score

In patients with advanced CAD presenting with acute myocar-
dial infarction, PCI is the preferred treatment option. In stable
patients, selection of themode ofmechanical revascularization
requires careful review of the patients’ clinical as well as
angiographicdata (as exemplified in theHeartTeamapproach).
Other crucial considerations are local expertise with PCI and
CABG and, of course, patient preference. The importance of
clinical variables in predicting adverse outcome following
cardiac surgery is well recognized. The Society of Thoracic
Surgery score predicts the risk of operative mortality and
morbidity after cardiac surgery and may be obtained by using
an online calculator.44 This score is based on only three

angiographic variables (presence of left main stem disease,
number of vessels diseased, and proximal LAD location) but on
40 clinical variables. Notable adverse clinical factors include
advanced age, chronic lung disease, renal disease, and periph-
eral vascular disease. Accordingly, while a patient may have a
SYNTAX score that suggests the need for CABG, the presence
of multiple comorbidities may make the patient too high risk
for surgery. In such cases, PCI becomes the preferred option
(►Fig. 2).

Ranucci et al developed and subsequentially validated a
simple risk score for mortality after elective CABG comprising
only three clinical variable—age, preoperative creatininevalue,
and left ventricular ejection fraction. This is the so-called age,
creatinine, and ejection fraction (ACEF) score.45 Serruys et al
combined the ACEF score with the SYNTAX score to produce
the clinical SYNTAX score.46 The latter score was shown to

Fig. 2 (A) Severe stenosis of the distal left main coronary artery in an elderly patient with multiple comorbidities, including severe lung disease.
The patient was deemed too high risk for CABG. (B) Angiogram following successful placement of a drug-eluting stent in the distal left main
coronary artery.

Fig. 1 (A) Coronary angiogram of a symptomatic patient showing a >50% stenosis (fractional flow reserve¼ 0.78) of the left main coronary
artery (mid-shaft location). (B) Following discussion with the Heart Team, patient elected for PCI. Coronary angiogram following successful
treatment of the stenosis with a drug-eluting stent.
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improve the mortality predictions following PCI in patients
with complex CAD. These various tools provide valuable
informationboth to thepatient and theHeart Teamtoenhance
decision-making.

In formulating therapeutic options for individual patients
with advanced CAD, it is also important to be cognizant of local
expertise with CABG and PCI. Several recent studies have
demonstrated that high-volume operators (performing>15
left main PCIs per year) have significantly better outcomes
than lower volume operators.47,48 The interventional cardiolo-
gist performing left main PCI must possess advanced skill sets,
including the ability to treat competently aorto-ostial, heavily
calcifiedandbifurcation lesions, aswell as the ability toperform
rotational atherectomy (to debulk lesions) and to implant
mechanical support devices, such as the Impella device.49,50

Conclusion

Patients with left main, left main equivalent, and three-
vessel CAD represent an overlapping spectrum of patients
with advanced CAD that is associated with an adverse
prognosis. Guideline directed medical therapy is a necessary
but often insufficient treatment option, as such patients
frequently also need mechanical revascularization by either
CABG or PCI. In patients with advanced CAD presenting with
acute myocardial infarction, PCI, of course, is the preferred
treatment option. For stable patients with advanced CAD,
CABG remains the standard of care. However, observations
from the SYNTAX trial suggest that PCI may be a useful
alternative in patients with three-vessel disease with a low
SYNTAX score as well as in patients with left main disease
and a low or intermediate SYNTAX score. In the subset of
patients with diabetes mellitus, the FREEDOM trial unequiv-
ocally demonstrated the superiority of CABG in improving
outcomes. The findings of the recently published EXCEL and
NOBLE trials point to a favorable role for PCI in certain low-
to-moderate risk patients with left main stem disease.
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